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Abstract 
As data from manufacturing and digital intelligence become a pervasive feature of our economy, it becomes increasingly important 
to leverage on this data in the creation of new forms of value. Within emerging concepts such as Industry 4.0 (I4.0) and the Internet 
of Things (IoT), understanding decision-making and stakeholders interaction is important in optimising manufacturing and post-
manufacturing processes. Of interest is the post-manufacturing phase for the Rechargeable Energy Storage system, (RESS), a 
battery system embedded in hybrid and electric automobiles. This research develops a decision-making framework for the RESS 
component, employing data-driven remanufacturing as the circular approach for implementation. Findings highlight useful 
manufacturing data employed in remanufacturing for the RESS technology. This study concludes by giving recommendations on 
how decisions made by stakeholders and their interaction can inform manufacturers on design for remanufacturing. 
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1. Introduction 
An increasingly important component of the circular economy, product remanufacturing is defined as returning an 
already used product to at a state closer to original equipment manufacturer (OEM) specification or a much better state 
[1]. Here the used product is returned to at least its original performance with a warranty that is equivalent to or better 
than that of the newly manufactured product, a British Standards Institution definition, [2]. Thus, for a remanufactured 
product to be deemed acceptable, the declaration of acceptability must come from what is the customers viewpoint 
and may not use repaired or reconditioned parts during the process of remanufacturing. Remanufacturing is no new 
concept; it is a process that culminated as an industrial activity during the Second World War with the remanufacturing 
of war tanks due to shortage of raw materials to manufacture new products, [3]. Academic interest in remanufacturing 
began in 1984 with a research by Robert Lund, [4] where the remanufacturing in the United States and its implications 
for developing countries in the European Union was studied. Remanufacturing in European countries was driven by 
environmental legislation and, similarly China, where the concern for environmental impacts caused by vehicles led 
to initiatives around remanufacturing, [3]. Asides the need to meet environmental concerns and ensure sustainability 
in the light of climate change, the major drivers for remanufacturing include end-of-life directives, economics, [1], 
improving productivity [3] and, as remanufacturing is labour intensive, it is seen as an assured employer of low-skilled 
labour[5]. An example of the positive environmental impact of remanufacture is indicated in a research on 
remanufacturing by Robert Lund. His research [4] shows that in comparison to equivalent new products, 
remanufacturing requires 50-80% less energy to produce a component and can provide 20-80% production  cost 
savings. Remanufacturing, thus, has positive impacts on all three pillars of the circular economy economic, 
environmental and societal. Figure 1 shows the research focus of the paper. 
 
 
 
 
 
Fig 1:  Research Focus 
 
Unlike the concepts of remanufacturing and reverse logistics which has gained popularity in research, available 
theory on strategic decision-making for remanufacturing is limited [6]. Literature on strategic decision-making for 
remanufacturing HEVs and EVs is limited and literature on strategic decision-making for RESS remanufacture were 
not available at the time of writing this paper. This paper aims to contribute to this research gap. This research also  
aims to identify the manufacturing data which enables strategic decision-making for remanufacturing the RESS. 
The automotive sector, where this research shall focus on is one of the primary industries where remanufacturing 
is done. The Centre for Remanufacture and Reuse, [2], also identifies aerospace, rail, mechanical power machinery, 
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ICT, rubber products and maritime sectors as major sectors out of 22 investigated which had remanufacturing activity 
in the United Kingdom. The automotive sector was seen to have one of the largest economic impact in remanufacturing 
and has been an area of interest for industry and academia, [3], [5] [7] and [6]. As innovation, the gradual decline in 
global oil reserves, stringent emission rules around the world and all-round environmental sustainability drive car 
manufacturing from the more traditional fuel-driven cars to hybrid and electric vehicles, the importance of 
understanding and developing appropriate post-manufacturing frameworks for critical parts of these new vehicles 
becomes imperative. This paper presents the development of a decision-making framework utilized in enabling the 
remanufacturing of the Rechargeable Energy Storage System, indicating where necessary, the manufacturing data 
needed to enable these decisions. This study will conclude by giving recommendations on how the decision made by 
stakeholders and their interaction can inform manufacturers regarding design for remanufacturing. 
2. State of the Art 
2.1. Remanufacturing 
Simply put, remanufacturing is a process of disassembly and recovery of an asset at a product and component level, 
[8]. The product is disassembled, cleaned, refurbished, replaced as necessary and then reassembled, with the eventual 
performance of the product equal to or better than, as new through remanufacturing. Thus, the value of the product 
is retained, as the performance is at least as new and waste is minimized. Remanufacturing is a dominant feature of 
the take, make, reuse (TMR) model of the Circular Economy, which keeps product at their highest utility and value 
at all times, [9]. 
This research shall focus on automobile components where, presently, engine, fuel system, drive train components 
are some of the components remanufactured, with or without the knowledge of the customer, [10]. Remanufacturing 
is either performed by the OEM or the Independent Remanufacturer, with various advantages. While the OEM can 
leverage upon product knowledge and brand name, the independent remanufacturer has better accessibility to cores, 
often come with extensive expertise in remanufacturing and has dedicated facilities for remanufacture, [3].  Figure  2 
below from [11] shows the remanufacture process, and Figure 3,  a picture of a typical remanufactured product, [5]. 
 
 
 
 
 
Fig. 2: A generic remanufacturing process chart, [11] 
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Fig 3: Example of core (L) and remanufactured (R) products, [5] 
 
The drive towards circular model in manufacturing, achieving sustainable business plans and environmental 
legislation has driven recent industry and academic interest in remanufacturing. Research on remanufacturing has 
focused on utilising remanufacturing to enable reverse logistics and supply chains, [12] , [13] , [14] , design for 
remanufacturing, [2], [15], [16], [5] and different case studies of remanufacturing in automotive industries have been 
of interest in research. An exploratory study for instance, revealed that in Brazil OEMs involved in remanufacturing 
had more advantages than independent remanufacturing companies, regarding the relationship with used product 
suppliers, remanufacturing operation and marketing of the remanufactured product, [3], when two case study 
companies were analysed. On the other hand, results in the research by Ijomah and Chiodo,  [17] indicated  that 
remanufacturing is highly profitable in large and complex mechanical and electromechanical products but requires 
effective waste management. However, due to the recentness of the development of green vehicles, (battery electric 
vehicle in 2009; hybrid electric vehicle in 2010; plug-in hybrid vehicle in 2011; fuel cell electric vehicle in 2012, [18]) 
there has been few research on remanufacturing components of these type of vehicles. The paucity of remanufacturing 
research in these vehicles can also be attributed to the business models of OEMs involved in electric and hybrid 
vehicles, as these vehicles require heavy innovation and are hence, kept secret. This research shall explore the 
decision-making involved in remanufacturing the rechargeable energy storage system and shall bring a contribution 
to knowledge of what is a developing area. 
 
2.2. Rechargeable Energy Storage System 
Electric Vehicles (EVs) use was first prompted by the California Air Resources Board (CARB) as a response to 
pollution reduction from automobile users, [19]. The hybrid electric vehicle (HEV), where electric batteries and the 
internal combustion engine (ICE) are combined in one powertrain and the electric vehicle, (EV), have become an 
important option for reducing fuel consumption, improving fuel efficiency, replacing the diminishing reserves of oil 
and providing clean energy supply systems. This is important, as the impacts of climate change are deemed to be 
irreversible, [18] and hence, it is important for the world to have an ideal emissions free future based on sustainable 
energy, [20]. The focus on reducing emissions of harmful substances into the environment has concentrated, for most 
parts; on the transport industry as researches in this area in recent years has shown that the transport industry is a main 
contributor to emissions of toxic substances into the atmosphere, as they rely on fossil fuels. According to [21] the 
transport industry accounts for 55% of the world energy consumption and 30.9% of CO2 gas emissions, driven by the 
high demand for fossil fuel by the transport sector. Figures 4 and 5 below from [22] graphically simplifies the levels 
of energy consumption by different sectors from 2010 with projections made till 2020. 
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Thus, it can be argued that attaining a sustainable future and reducing the effect of global warming is not completely 
possible until ways of tackling energy consumption by the transportation sector is investigated. Electric cars and 
hybrid vehicles are being explored as a sustainable alternative to the use of fossil fuels which normal traditional IC 
engine utilises. These environmentally friendly vehicles are driven by batteries, ultra-capacitors and fuel cells. Asides 
being environmentally friendly, electric cars help in reducing operational cost compared to fossil-fuelled vehicles, 
[18]. Most EVs and HEVs are powered by two energy storage devices. These are the Main Energy System, (MES) 
which has a high energy storage capability and the Rechargeable Energy Storage System, RESS, which has a high 
power capability and reversibility, [23]  both part of the very complex systems of EVs/HEVs containing various 
subsystems, [19]. The Energy Storage Systems are made up of, Fuel Cells (FCs), Batteries and Supercapacitors (SCs) 
as shown in Figure 6 from [23]. 
 
Fig 6: Drive System for Electric Vehicle, [23] 
 
2.3. Decision Making for Remanufacturing in Automobiles 
In exploring ways in which the electric vehicle can enable a transition to a circular economy, an ongoing focus in 
research has been the decision-making which influences remanufacturing, from the point of justifying a business case 
for the remanufactured component to remanufacturing the product. In exploring the need to combine ecological 
concerns and economic growth using remanufacturing [1] Ijomah  discusses decision-making for remanufacturing 
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operations, as part of this exploration, by narrowing down on key decision-making in an international aero-engine 
manufacturer. In [6], Subramoniam, et al., developed a Remanufacturing Decision-Making Framework (RDMF) by 
identifying strategic remanufacturing factors identified during literature review of macro-level parameters in an 
automotive industry. This was further validated using the Analytical Hierarchal Process, (AHP) leading to 
prioritization of the RDMF. In a different research, Abdulrahman M.D., [24] developed a strategic decision-making 
framework which was further validated using the AHP. This study included qualitative data gathered from two leading 
Chinese auto-parts companies and the framework was developed around the key determinants for in-house 
remanufacturing, outsource remanufacturing and to not remanufacture. 
 
3. Methodology 
First an exploratory review of literature on the circular economy, remanufacturing, electric and hybrid vehicles was 
performed to understand the differences, meaning and impact on the remanufacturing process. Additionally, a literature 
review was done to understand the taxonomies of manufacturing data for automotive industry. The remanufacturing 
decision-making framework is also supposed to capture the type of data used in enabling these decisions, hence the 
need for the review. 
The next step was selection of case study companies for applying this research. As the study is qualitative it is 
imperative to select companies that showed strong interest in remanufacturing and innovating from their current 
remanufacturing methods. First, a study of remanufacturing companies found on the database, European 
Remanufacturing Network (http://www.remanufacturing.eu/) was conducted. These companies were located in the 
Case Study Tool section of the website (http://www.remanufacturing.eu/case-study-tool.php), containing 66 
companys case studies within 10 key industry sectors.  Important aspects of these companies such as, location, years 
of remanufacturing experience, access of data, availability of company website, involvement in sustainability, 
agreement to take part in the research were noted. It was important, for instance, to have companies which were 
based in the United Kingdom as site visits were to be made. Of importance was the specialty of the companies. In 
order to have a more informed understanding of remanufacturing, companies involved in (i) automotive functions (ii) 
remanufacturing of mechanical products (iii) remanufacturing of electrical components (iv) companies involved in 
remanufacturing research and (v) companies involved with products that included HEVs, EVs, RESS and fuel cells 
were selected. These reduced the companies in the database from 64 to 4 companies. A 5th company, an OEM 
manufacturer and the client to a selected company, was provided by a selected company, an automotive 
remanufacturer. Thus the selected companies, included two OEM companies (Company C and Company E), two 
independents remanufacturers (one of electrical, Company D and the other of mechanical bias, PSS) and a company 
involved in remanufacturing (HSSMI) and research for remanufacturing RESS and fuel cells. Two of these companies 
were happy to be mentioned in the research and the other three remained anonymous. The depth in variety of the 
companies chosen and the different business models on which they operated, presented an important opportunity to 
understand similarities and investigate important differences, which are key in developing a framework that can be 
applicable to both EVs and HEVs.  
A questionnaire and semi-structured interview were developed and deployed as qualitative research methods. First, 
subject areas for the questionnaire were developed from an understanding of the research objectives and the key terms 
related to the objectives. This questionnaire was explored questions under the following subject areas; (i) Circular 
Economy and Circular Approach; (ii) Decision-Making for the Circular Economy with the focus on Remanufacturing 
and (iii) Data and Data Streams flow for Remanufacturing. Multiple questions were developed under these groups 
after a review of literature and an initial discussion with the interviewees. The interview was in two parts: the first part 
of the interview captured general information about the company. The second part captured information regarding the 
use of manufacturing data in the process of manufacturing/ remanufacturing of these companies, stakeholders involved 
in remanufacturing, the business models of the companies and the processes involved in remanufacturing including 
any feedback loop. This questionnaire is given in Appendix A. 
Respondents selected for the semi-structured interview were selected based on their years of experience, their 
importance in the remanufacturing process and decisions in the company and their understanding of the business 
models deployed in the companies. They were first contacted by email, where the initial introduction was done. A 
148 O. Okorie et al. / Procedia Manufacturing 25 (2018) 142153
follow-up phone call was then done. Following the first contact, a second email containing the questionnaire was sent 
to respondents, three days after the first contact. The respondents across the 5 companies included senior level 
managers and managing directors. These members of staffs were selected as they can provide a top view understanding 
for the research and were able to drill into the details, where necessary, as they had the knowledge, business and 
technical experience more than other employees. The data (completed questionnaire and semi-structured interview 
responses) were analysed to understand the how manufacturing data were utilized in remanufacturing and then to 
develop a decision-making framework for the RESS. 
 
 
4. Results 
The chart below in Figure 7 indicates the use of structured data, semi-structured data and unstructured data by the 
5 case study companies. 
Fig 7: Use of Manufacturing Data by Case Study Companies  
 
The taxonomy of manufacturing data was defined by three different categories. These are structured data (spreadsheets, 
relational databases, enterprise data warehouse, files stored in manufacturing PCs) real-time, semi-structured data (data 
from sensors, relays, RFID, XML, time series data structures) and unstructured data (operator shift reports, machine 
logs, error logs, texts, images, audio/video, manufacturing collaboration on social platforms), [25]. These were 
represented as 3 for high, 2 for medium and 1 for low, which denoted their level of use within the case 
study companies. It was observed that for Company C and HSSMI whose operations utilised a high level of automation 
and IoT interaction, employed a high amount of semi-structured data in comparison to PSS and Company D, both 
independent remanufacturers. Similar observations of data stream types were noticed in the development of the 
decision-making framework, which is given in Figure 8.  
 
 
From the data gathered from the respondents, we develop the decision-making framework after identifying 
remanufacturing decision flow from the automobile manufacturer and the decisions taken to remanufacture by the 
third party independent remanufacturer, as well as the specific manufacturing data requirements that is needed to 
ensure the decision is carried out. This was developed after spending time with the OEM and third party 
remanufacturers and, with decision makers, agreeing on important decisions for remanufacturing, as due to the data 
0
1
2
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4
PSS HSSMI Company C Company D Company E
Use of Manufacturing Data Types 
within Remanufacturing
Structured Data Semi-Structured Data Unstructured Data
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requirement and the technical robustness of the RESS, there were a host of decisions to make. The key driver that 
drove decision-making in remanufacturing is the ability to capture value either in the process or product or both process 
and product. This importance is useful, as decision-making in remanufacturing is a complex process as it normally 
involves at least two interacting constituents the OEM and the Third Party Remanufacturer.  In developing the 
decision-making framework, the following broad steps were carried out; 
 
a) Modelling an understanding of the decisions for the incoming product. Decisions of price, quality and 
quantity of incoming product, product assessment and pricing. Stakeholders, decision-makers and data 
requirements needed to enable this decision are captured and included in the model. It was observed that 
at this point companies also take into account economic, market, regulatory and environmental factors. 
 
b) Modelling the remanufacturing stages of the product after the decision has been made to remanufacture. 
This stage is conducted by the third party remanufacturer. Here the difference process of remanufacture 
and quality control audit check are captured and the stakeholders, decision-makers and the data needed to 
enable this decision are captured. These are modelled in input/output process boxes. 
 
c) Modelling the quality audit (if product is treated again after initial remanufacturer is complete) and the 
handover to the OEM. This stage contains another interaction between the third party remanufacturer and 
the OEM. The decision to send the product for recycling or other End-of- Life uses are captured here and 
the human and data drivers towards this decision are captured.  
 
It was observed that remanufacturing decision-making framework for the RESS for EVs and HEVs would involve 
the interaction of stakeholders and manufacturing data between two hubs the Automobile Manufacturer, or OEM and 
the independent remanufacturers. From the semi-structured interviews, independent remanufacturers are observed to 
be very experienced in remanufacturing, possess the necessary equipment for remanufacturing, were open to 
optimising manufacturing data for their remanufacturing needs and had a vast network of suppliers who help in 
remanufacturing. The decision to remanufacture is undertaken by the Head of Manufacturing at the OEM primarily 
based on business needs. Thus, this head of manufacturing is a senior level manager with a multi-disciplinary 
understanding of the business. The developed framework shows that there are interdependent interactions between 
stakeholders that inform decision making along the chain for effective remanufacturing. These interactions possess an 
inbuilt feedback mechanism which different stakeholders make use of in order to ensure that remanufacturing is done 
effectively. More importantly, it indicates loops where manufacturing data and data streams are important to 
accomplish remanufacturing. [6] argue that for effective remanufacturing decision-making to be employed, the 
strategic factors had to be as broad as possible. This framework highlights the importance of manufacturing data and 
data streams as part of that broad choice of parameters. Thus, from the developed framework, decision-making in 
remanufacturing for the RESS can be categorised into two different strategic components- the business level 
component at the OEM level and the engineering level component at the Independent Remanufacturer level. A 
balanced optimisation of these different levels is need for effective remanufacturing. 
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Fig 8: Remanufacturing Decision-Making Framework for the RESS 
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5. Discussion and conclusions 
Remanufacturing is an important approach in attaining a more circular economy and has seen an upward growth 
owing to its main advantages low cost and its ability to produce equipment and parts which at as new as or better 
than the original product. As it is labour intensive, it is also a job-creator; it directly employs over 480K people in the 
US alone from over 73K firms,[26] . It is an important end of life strategy for automobile parts and is expected to drive 
sustainability in EVs and HEVs, as these become a major part of transportation across the globe due to their green-
energy ability in comparison to internal combustion-driven engines.  
This paper aims to develop a decision-making framework for the rechargeable energy storage system, which is a 
key energy system currently utilised in Electric Vehicles (EVs) and Hybrid Electric Vehicles (EVs) with a focus on 
the key stakeholders and their decision and the manufacturing data utilised in the decision-making process. The novelty 
of this developed framework lies in the identification of exact data type and data sets required to enable 
remanufacturing, hence data-driven remanufacturing. To the best of the researchers knowledge, no decision-
making framework captures this specific information. 
The manufacturing data was highlighted due to the digital intelligence capacity of the modern EVs and HEVs, 
which are able to churn a vast amount of data and IoT communications and feedbacks that take place. Decision-making 
frameworks developed in research were drawn from automobile case study companies which produced the traditional 
IC-engine automobile and did not consider the manufacturing data utilized in production. The data for this research 
was collected from 5 different companies much larger than similar remanufacturing decision-making framework 
research. The developed framework argues that the interdependencies between stakeholders is strategic for 
remanufacturing the RESS, due to the complexity of the RESS equipment and the type of data produced, must continue 
to ensure the effective delivery of remanufacturing. Feedback loops in the framework as seen to be as important as the 
decisions themselves as they contribute to the eventual remanufactured product quality. Further-work on this research 
includes validation of the decision-making framework; a TO-BE decision-making framework shall be developed after 
this validation. Validation methods will include data collection from Company C; the researchers shall spend some 
periods at the case company of this framework includes spending periods at Company C and PSS where both 
qualitative (semi-structured interview) and quantitative data shall be collected and analysed. Systems Dynamics and 
Discrete Event Simulation can be applied for validation if known elements (such as can be obtained from the 
remanufacturing shop-floor. This type of validation is important in order to capture the time element in data-driven 
remanufacturing. A criticality assessment of the decision-making framework shall be conducted, where the time and 
cost element of the key decisions shall be investigated and ranked. Viability of this decision-making frameworks to 
circular business models is an area worth investigating as future work. As innovation continues on the EVs and HEVs, 
further work includes development of important circular-economy enabling frameworks for the different components 
in the powertrain. Part of these further works includes, investigating more important and viable end-of-life uses of the 
data produced by the IoT devices which these EVs and HEVs are/ can be connected to. Future work should involve, 
as well, utilizing this framework as a driver for the development of an expansive design for data-driven 
remanufacturing methododology. 
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Appendix A: Interview guide. 
A.1 Circular Economy: Fundamental Information 
1. What is your understanding of Circular Economy, Circular Approaches and Sustainability? 
2. Why the choice of remanufacturing over recycling, reuse or another end-of-life approach? What is the most 
significant challenge in implementing remanufacturing in your firm? 
3. What asset is being remanufactured? What drives this choice of asset? 
4. How is remanufacturing being implemented in your firm? In-house or through a third-party remanufacturer? 
Why use a third-party remanufacturer? Why in-house remanufacturing? What are the barriers to 
implementing one over the other? 
A.2 Decision-Making for the Implementation of Remanufacturing  
1. How are decisions made for remanufacturing currently done? What drives the decision-making?  
2. Who is the primary stakeholder for remanufacturing? Who are the key stakeholders for these decisions? What 
are the stakeholder interactions? 
3. What are the important feedback loops that ensures remanufacturing is carried out?  
4. What are the data type that drives remanufacturing decisions? Where is the data type most visible in? 
5. What do you think data can do which is not currently doing? 
A.3 Data and Data streams for Data-Driven Automotive Remanufacturing  
1. What data are currently being considered for remanufacturing at present? How are these data captured? 
2. What sensors are used for data capturing? 
3. How do availability or lack of data improve the quality and speed of remanufacturing? What drives decisions 
without the availability of data? 
4. Is there any tradeoff between quality and speed from the perspective of the customer? 
5. How does data ownership affect decision-making for remanufacturing the RESS? 
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